Introduction
The noise level inside a running train ranges from 60 to 80 dB for an outdoor ground-level track [1] and 60 to 100 dB for an underground track [2] [3] [4] . In such a noisy environment, it may be difficult to understand important announcements for passengers from public address (PA) systems, such as information about travel (e.g., the next station, stations where passengers transfer), notices (e.g., the locations of toilets, public phones and designated smoking areas), safety announcements (e.g., warnings of upcoming curves in the track, the locations of open doors), and warnings (e.g., safety with regard to pickpocketing). Therefore, the speech intelligibility of announcements made through train PA systems is necessary to relay important information to passengers.
The nature of noise exposure experienced by passengers in trains has been previously investigated [1, 5] . Environmental noises, including the noise of passenger conversations, have been also evaluated from the viewpoint of passenger comfort [6, 7] . Although announcements from PA systems and noises in trains are influenced by the effects that occur in a room such as the reflection and reverberation of sounds, no studies have been carried out to specifically investigate the sound fields in trains.
Sound sources such as announcements and noises in trains change as a function of time, while the sound field in each compartment does not change. This is because sound sources have different acoustical characteristics depending on the speaker's voice (or language) and train type, while the sound field in a compartment is dependent on the compartment's size and shape, which are similar amongst all train compartments. To investigate the speech intelligibility of announcements from PA systems, we analyzed the sound field in a train compartment. Impulse responses were measured in an empty train compartment parked in a depot. The acoustical parameters extracted from the impulse response were calculated to evaluate the speech intelligibility of the PA system.
2. Impulse response measurements 2.1. Arrangement of source and receiver positions A compartment of a train typically used on the suburban lines in Japan was chosen for the study. The inside dimensions of the train were 18 m in length, 2.6 m in width and 2.2 m in height, with seats located against the walls (Fig. 1) . While varing the number of sound sources, three types of impulse responses were measured in the train compartment. In the first configuration (configuration A), three sources and seven receiver positions were distributed throughout the compartment ( Fig. 1(a) ). The PA system of the vehicle had six loudspeakers (PA1 to PA6) located on the ceiling. To ensure that a loudspeaker located at one end of the compartment (e.g. PA1) did not affect the sound field around a receiver located at the other end (e.g. r6), the measurement area was limited to half of the compartment. The receiver positions at the front of the seats and in the wheelchair user's area (r1, r4, r5 and r6) were assumed to be representative of the locations of sitting passengers, while the other receiver positions (r2, r3 and r7) were assumed to be representative of the positions of standing passengers. Three sources were located under the loudspeakers of the PA system (PA4 to PA6). In the second configuration (B), two sources and four receiver positions were distributed in the measurement area ( Fig. 1(b) ). In the third configuration (C), one source and four receiver positions were distributed ( Fig. 1(c) ).
Measurement setup
To represent different PA loudspeakers introduced in various train compartments, an omnidirectional loudspeaker (Type 4292, B&K) was used. The height of each source was 2.0 m above the floor. Each receiver was a dummy head microphone (KU100, Neumann). For each receiver position simulating the location of a sitting passenger, the heights of the ear entrances of the dummy head microphones were 1.1 m above the floor. For each receiver simulating the location of a standing passenger, these heights were 1.6 m above the floor. The dummy head microphone faced the inside of the vehicle.
A sinusoidal signal with an exponentially varying frequency swept from 40 Hz to 20 kHz over a period of 18 s was used for measuring the impulse responses [8] . The twochannel responses at the positions of the left and right ears of the dummy head were deconvoluted so that the binaural impulse responses, i.e., p l ðtÞ and p r ðtÞ, could be obtained [8] .
In configurations A and B, the impulse responses obtained from the three or two sources (respectively) were synchronously averaged at the seven or four receiver positions (respectively), assuming that the three or two loudspeakers for the PA system (respectively) were used at the same time. Finally, the binaural impulse responses were calculated for each receiver position.
Results
From the binaural impulse responses, the relative level (RL), early decay time (EDT), clarity (C 50 ) [9] , speech transmission index (STI) [10, 11] , and interaural cross-correlation coefficient (IACC) [9, 12] were calculated to evaluate the speech intelligibility in the sound field. RL is the attenuation from the maximum sound pressure in the receiver position during each measurement. Figures 2-6 show the distributions of the acoustical parameters without separating the sitting and standing passengers' positions. The kriging , the contour maps of configurations B and C were complemented axisymmetrically because the sources were located on the symmetric axis. The propagated sound energy was distributed the most uniformly in configuration A and the most unevenly in configuration B (Fig. 2) . EDT was approximately 0.4 s in all (Fig. 3) . The mean of C 50 in each measurement was approximately 8.0 to 9.0 dB, and its distribution in configuration B was more uneven than that in configurations A and C (Fig. 4) . STI was approximately 0.7 s in all measurements (Fig. 5) . The mean of IACC was approximately 0.1 to 0.2 in each measurement, and its distribution in configuration A was more uniform than that in configurations B and C (Fig. 6 ).
Discussion
In configuration A, the arrangement of the three sources under the loudspeakers of the PA system was able to produce a sound energy that was equal at all receiver positions to within 2 dB. It is interesting that the distribution of the sound energy in configuration B was more uneven than that in configuration C. When two closely located sound sources emit sounds in phase, an interference pattern is observed. Therefore, in configuration B, the interference may amplify or attenuate the sound pressure at each receiver position. EDT in the compartment was approximately 0.4 s, which corresponds to the reverberation time of a radio studio with the same room volume as the compartment (103 sound field does not adversely affect the intelligibility of a PA system. C 50 in the compartment was approximately 8 to 9 dB. A sound field with a C 50 value in this range is rated as ''excellent'' in terms of speech intelligibility [13] . C 50 at the receiver positions of r5 (configurations A and B) and r7 (configuration C) was lower than 7 dB; thus, the sound fields at these receiver positions were rated as ''good.'' STI in the compartment was approximately 0.7. A sound field with this value of STI is rated as good in terms of speech intelligibility [14] . The cutoff value for STI to be in the excellent category is 0.75. There is no receiver position that gives excellent speech intelligibility in the vehicle. IACC in the compartment was sufficiently low. Since a lower IACC improves speech intelligibility [15] , it can be concluded that the sound field in the train compartment is appropriate for listening to announcements. When IACC is 0.2, the just noticeable difference for IACC is 0.16 to 0.24 [16] . Passengers are not expected perceive any difference in the apparent source width in the compartment.
Conclusion
In passenger train compartments typically found in Japan, the sound field has good speech intelligibility for announcements made over the PA system under the condition without any train noise. However, consideration needs to be made of the fact that interference causes the distribution of the sound pressure to become uneven when two loudspeakers are located close to each other.
